The transcriptomes of endodormant and ecodormant Japanese pear (Pyrus pyrifolia Nakai 'Kosui') flower buds were analyzed using RNA-seq technology and compared. Among de novo assembly of 114,191 unigenes, 76,995 unigenes were successfully annotated by BLAST searches against various databases. Gene Ontology (GO) enrichment analysis revealed that oxidoreductases were enriched in the molecular function category, a result consistent with previous observations of notable changes in hydrogen peroxide concentration during endodormancy release. In the GO categories related to biological process, the abundance of DNA methylation-related gene transcripts also significantly changed during endodormancy release, indicating the involvement of epigenetic regulation. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis also showed the changes in transcript abundance of genes involved in the metabolism of various phytohormones. Genes for both ABA and gibberellin biosynthesis were down-regulated, whereas the genes encoding their degradation enzymes were up-regulated during endodormancy release. In the ethylene pathway, 1-aminocyclopropane-1-carboxylate synthase (ACS), a gene encoding the rate-limiting enzyme for ethylene biosynthesis, was induced towards endodormancy release. All of these results indicated the involvement of phytohormones in endodormancy release. Furthermore, the expression of dormancy-associated MADS-box (DAM) genes was down-regulated concomitant with endodormancy release, although changes in the abundance of these gene transcripts were not as significant as those identified by transcriptome analysis. Consequently, characterization of the Japanese pear transcriptome during the transition from endormancy to ecodormancy will provide researchers with useful information for data mining and will facilitate further experiments on endodormancy especially in rosaceae fruit trees.
Introduction
Japanese pear (Pyrus pyrifolia Nakai) is one of the most important and popular fruit species in Japan. In Tsukuba, Japan, pear trees bloom in mid-April, followed by the elongation of new shoots originating from both flower (mixed buds) and vegetative buds. Shoots continue their vegetative growth and after cessation of shoot elongation, apical buds start to differentiate from vegetative to floral meristems in mid-June and mid-July for spurs and succulent shoots, respectively (Ito et al. 1999 , Esumi et al. 2007 ). In addition to apical buds, axillary buds also convert to floral meristems depending on such conditions as nutritional and phytohormone balance (Ito et al. 1999) . At this stage, buds are in a paradormant state (Lang 1987) , in which apical shoot tips and/or adjacent leaves repress the outgrowth of lateral buds. Subsequently, the buds gradually switch to the endodormant state (Saure 1985) . Endodormancy in early autumn could be a strategy to survive under severe winter climate conditions for perennial woody plants including pear trees (Cooke et al. 2012) . Environmental cues such as cool temperatures and short daylengths control endodormancy establishment; however, low temperatures but not short daylengths control growth cessation and dormancy induction in pear (Heide and Prestrud 2005) . To complete endodormancy and resume growth, adequate accumulation of periods with low temperature is required, the amounts of which are genetically determined depending on the species and even the cultivar/strain. For example, 1,000-1,200 chill units are necessary for endodormancy release in the leaf buds of Japanese pear 'Kosui', whereas 1,600-1,800 chill units are required in another Japanese pear 'Shinsui' (Tamura et al. 2001) . Accompanying the fulfillment of low temperature accumulation, pear trees gradually shift from an endodormant to an ecodormant status, the latter occurring with unfavorable environmental conditions. Recent global warming, however, has raised several problems for dormancy phase transition. High temperatures in autumn inhibit endodormancy establishment in pear (Takemura et al. 2011 ) and interruption of chilling delays endodormancy release (Tamura et al. 1995) , both of which can be ascribed to the shortage of low temperature accumulation. Thus, elucidating the mechanism underlying endodormancy establishment and release in pears and other fruit will be a prerequisite for developing countermeasures for global warming.
Several lines of evidence suggest relationships between oxidative stress and endodormancy release. Kuroda et al. (2002) reported the close association of hydrogen peroxide levels with endodormancy status in Japanese pear and suggested that the increase in hydrogen peroxide levels may trigger the sequence of reactions involved in endodormancy release. Increases in glutathione content with bud breaking were also observed in pear (Zanol et al. 2010) . In grapes, hydrogen cyanamide, a useful dormancy-releasing agent for grape and other deciduous fruit trees (Shulman et al. 1983) , quickly induced the repression of catalase activity, followed by hydrogen peroxide accumulation concomitant with the onset of bud breaking (Nir et al. 1986 , Peréz and Lira 2005 , Peréz et al. 2008 . Therefore, hydrogen peroxide is assumed to be a signal molecule in endodormancy release in grape buds. In contrast, a progressive increase in catalase activity with apple bud breaking was reported after application of a dormancy-releasing agent, thidiazuron (Wang et al. 1991) . Another aspect closely related to oxidative stress is the involvement of fermentative metabolism as revealed by increases in the AMP/ATP ratio in grapes (Or et al. 2000b) . Bud dormancy has also been reviewed from the physiological point of view, such as fluctuation of phytohormones (e.g. Powell 1987 ). Generally, endogenous ABA concentrations increase towards endodormancy establishment and decrease during endodormancy release in the buds of apple (Seeley and Powell 1981) , pear (Tamura et al. 1992) and 'Merlot noir' grape (Koussa et al. 1994) , whereas no correlation with ABA concentrations and dormancy release was reported in cherry (Mielke and Dennis 1978) and 'Perlette' grape (Or et al. 2000a) . As a physiological junction between phytohormones and flowering-related genes, the participation of gibberellin in the breaking of dormancy in poplar was reported, in which gibberellin induced the up-regulation of 1,3-b-glucanases to remove callose, thereby providing functional conduits for FLOWERING LOCUS T (FT) transport to the rib meristem (Rinne et al. 2011) . Interestingly, overexpression of poplar FT in European plum inhibited entry into dormancy (Srinivasan et al. 2012) . Indeed, several studies suggested the functional role of the flowering-related genes such as FT and TERMINAL FLOWER 1 (TFL1) in seasonal growth cessation and dormancy release (Bohlenius et al. 2006 , Horvath et al. 2008 , Ruonala et al. 2008 . Moreover, close relationships between expression of dormancy-associated MADS-box (DAM) and endodormancy phase transition have been reported , Ubi et al. 2010 . Possible interaction of DAM and FT (Horvath et al. 2008) again indicated the important function of these genes in endodormancy release. Taken together, these results suggested that the regulation of endodormacy phase transition in woody plants is complex.
To survey comprehensive changes in genes during dormancy, analyses of the grape transcriptome were carried out, and genes related to the floral transition or floral meristem development were identified (Sreekantan et al. 2010) . Another study using cDNA microarrays identified the genes involved in cell defense and stress response in grape buds after fulfillment of the chilling requirement (Mathiason et al. 2009 ). Similarly, cDNA microarray approaches were used to identify candidate genes involved in the dormancy phase transition in raspberry (Mazzitelli et al. 2007 ), leafy spurge (Horvath et al. 2008) and Populus tremula (Schrader et al. 2004) . These studies successfully identified several pathways involved in dormancy phase transitions such as stress response-related pathways, cell cycle-related genes and phytohormone-related genes. Recently, next-generation sequencing technology has been widely applied on the transcriptomewide analysis of plants studies, such as fruit development (Gil-Amado and Gomez-Jimenez 2013), metabolic pathways (Yamazaki et al. 2013 ) and abiotic stresses (An and Chan 2012) . Several works have been published on research into plant dormancy: the transcriptome of Japanese apricot (Prunus mune) buds during the dormancy cycle was recently analyzed using 454-pyrosequencing technology, and the resulting data were published in the Japanese apricot EST (expressed sequence tag) dormant bud database (Habu et al. 2012); Liu et al (2013) analyzed the transcriptomes of Chinese pear (Pyrus pyrifolia white pear group 'Suli') flower buds at four time points during bud dormancy.
In this study, we analyzed the transcriptome of Japanese pear flower buds at endodormancy and endodormancy release (= early ecodormancy) stages over two seasons using nextgeneration sequencing. Several common pathways such as oxidative stress and epigenetic regulation were identified, among which we further analyzed the expression of genes related to phytohormone metabolism, including ABA, gibberellin and ethylene, along with the expression of antioxidation-related genes, methylation-related genes, DAM and FT.
Results
Sample preparation and transcriptome analysis of endodormant and ecodormant flower buds from two successive seasons
To compare the transcriptomes of endodormant and ecodormant Japanese pear flower buds, samples were collected from two successive seasons in 2009/2010 and 2010/ 2011 (biological replicates) . Generally, flower buds of cultivar 'Kosui' are endodormant from September to late December and are ecodormant from January to March. To evaluate the exact physiological progression of 'Kosui' into endodormancy, we utilized the developmental index (DVI), which is a measure of the accumulated developmental rate considering the different effects of the hourly mean temperature range on dormancy progression (Sugiura and Honjo 1997) because cutting treatment accelerates endodormancy release of flower buds in an as yet unknown way. At the onset of exposure to chilling temperatures, DVI = 0, whereas a DVI of 1.0 is defined when sufficient chilling time has accumulated for endodormancy release (70% of flower buds are capable of blooming in favorable conditions). In the 2009/2010 season, the endodormant samples had a DVI value of 0.53 and the ecodormant samples had a DVI of 1.16. In the 2010/ 2011 season, the endodormant samples had a DVI value of 0.49 and the ecodormant samples had a DVI of 1.12. RNA isolated from the samples served as a template for cDNA synthesis, the cDNA was sequenced using the Illumina Genome Analyzer HiSeq 2000, and the data were expressed as the average of the two seasons (Fig. 1) .
RNA-seq generated 0.2 billion reads, each 90 nucleotides long, with approximately 4.5 billion nucleotides from each sample. Since the genome sequence of Japanese pear was not available at the time, a de novo assembly strategy was used to construct the transcripts. The pipeline for bioinformatics analysis of deep sequencing data is shown in Fig. 2 . From the clean reads, 114,191 contigs (unigenes) were assembled with an average length of 700-800 bp ( Table 1 ; Supplementary Fig. S1 ). To annotate these unigenes, we first searched the reference sequences using BLASTx (http://blast. ncbi.nlm.nih.gov/Blast.cgi) against the non-redundant NCBI protein database with a cut-off E-value of 10 À7 . Among all the assembled unigenes, 76,995 unigenes (67.42%) were annotated with significant BLAST results. The unigenes were also subjected to Gene Ontology (GO) analysis (Ashburner et al. 2000) , and 36,567 genes were successfully categorized into GO groups (Fig. 3) . In the biological process category, the largest groups were 'cellular process' and 'metabolic processes'. In the molecular function category, 'binding' and 'catalytic activity' were the largest groups. In the cellular component category, the largest amount of genes were mapped to the terms 'cell part' and 'organelle'.
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Identification of genes showing differential expression during the endodormancy phase transition
To identify candidate genes involved in the endodormancy phase transition, we compared samples taken during the two dormancy phases by differential expression analysis. Each dormancy phase was represented by two biological replicates from two different seasons, resulting in a total of four samples from two developmental phases. The transcript abundance of each gene was estimated by reads per kilobase of exons per million reads mapped. Consequently, 4,262 unigenes were differentially expressed [jlog 2 Ratioj !1, false discovery rate (FDR) 0.001], among which the transcripts of 1,249 unigenes were more abundant in the endodormant sample (Endo) than the ecodormant sample (Eco), whereas 3,013 unigenes were more highly expressed in Eco ( Fig. 4 ; Supplementary Table S1 ).
Real-time reverse transcription-PCR (RT-PCR) validation of differentially expressed transcripts from transcriptome analysis
To confirm the accuracy and reproducibility of the transcriptome analysis results, 18 genes having different expression patterns were selected for real-time RT-PCR. The correlation between transcriptome analysis and real-time RT-PCR was evaluated. Scatterplots were generated comparing the log2 fold change determined by transcriptome analysis and real-time RT-PCR. There was a positive correlation between the two methods ( Fig. 5) , thereby validating our transcriptome analysis.
GO enrichment analysis of differentially expressed genes (DEGs)
The genes with significantly different expression patterns in Fig. 4 were subjected to GO enrichment analysis. GO (Grabherr et al. 2011 ).
The assembled unigenes were annotated using Blast2GO (Conesa et al. 2005 ) with the NCBI non-redundant protein database, GO and KEGG. The differential expression of unigenes was analyzed by the in-house software of the Beijing Genome Institute (BGI, Shenzhen, China). Tables S2-S4 ).
In the GO category of 'biological process', 'lignin metabolic process' was the most highly enriched term, with a P-value of 1.69e-5. The biological process related to 'DNA methylation' was also enriched. On the other hand, in the GO category of 'molecular function', categories of various aspects of 'oxidoreductase activity' were highly enriched. Meanwhile, the categories related to 'glycosyl groups' were also significantly detected. In the categories of 'cellular component', the terms 'chromatin', 'chromosome' and 'cell wall' were significantly enriched ( Supplementary Fig. S4 ).
To serve as representative examples, we constructed a heat map diagram of differentially regulated genes involved in antioxidation and DNA methylation. As shown in Fig. 6 , genes encoding oxidoreductases such as peroxidase and catalase were down-regulated in Eco (Fig. 6A) under the GO term 'antioxidation'. Genes encoding cytosine-5 DNA o rg a n e lle o rg a n e lle p a rt a n ti o x id a n t a c ti v it y b in d in g c a ta ly ti c a c ti v it y e le c tr o n c a rr ie r a c ti v it y e n z y m e re g u la to r a c ti v it y m e ta llo c h a p e ro n e a c ti v it y m o le c u la r tr a n s d u c e r a c ti v it y n u c le ic a c id b in d in g tr a n s c ri p ti o n fa c to r a c ti v it y p ro te in b in d in g tr a n s c ri p ti o n fa c to r a c ti v it y re c e p to r a c ti v it y s tr u c tu ra l m o le c u le a c ti v it y tr a n s la ti o n re g u la to r a c ti v it y tr a n s p o rt e r a c ti v it y b io lo g ic a l a d h e s io n methyltransferases were down-regulated during endodormancy release ( Fig. 6B ) in the GO term 'DNA methylation'. To extend the observation to the entire period of endodormancy, two genes in each category were selected for realtime PCR analysis. For antioxidant-related genes, a peroxidase gene and a catalase gene were selected. Expression of the catalase gene peaked at about DVI = 0.5 and then was steadily down-regulated, whereas expression of peroxidase was up-regulated prior to endodormancy release and then dropped off quickly after endodormancy. For DNA methylation-related genes, two DNA methyltransferase genes were analyzed. Both genes peaked in endodormancy and were down-regulated towards endodormancy release.
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis of DEGs
The DEGs were also subjected to KEGG pathway enrichment analysis. Among all unigenes, 24,914 genes were annotated with the KEGG pathway analysis, whereas 940 genes among 4,262 DEGs were successfully annotated. After KEGG enrichment analysis, 31 pathways were significantly enriched (P 0.05, Table 3 ). Genes involved in carbohydrate metabolic pathways, such as starch and sucrose metabolic pathways, the pentose and glucuronate interconversion pathway, and ascorbate and aldarate metabolism, were differentially expressed during the transition to ecodormancy. Pathways corresponding to the lipid metabolism pathways, including glycerophospholipid metabolism, ether lipid metabolism and the cutin, suberin and wax biosynthesis pathways were also shown to be enriched. Pathways involved in the biosynthesis of secondary metabolites, such as flavonoids and phenylpropanoids, were also enriched ( Table 3) . For instance, in the category of phenylpropanoid biosynthesis ( Supplementary  Fig. S5A ), which includes the lignin biosynthesis pathway, four genes annotated as cinnamyl-alcohol dehydrogenase genes were lower in transcript abundance in Eco. The transcript abundance of another lignin biosynthesis gene encoding hydroxycinnamoyl-CoA:NADPH oxidoreductase also decreased in Eco. Similarly, the transcripts of a group of genes encoding members of the Cyt P450 86 family, which catalyzes a shared reaction in lignin and cutin biosynthesis, were less abundant in Eco. These results indicated that the expression of genes involved in lignin biosynthesis was generally repressed towards endodormancy release.
Phytohormone-related pathways during endodormancy release
To investigate the relationship between the phytohormones and endodormancy release, the KEGG pathways related to phytohormone metabolism were analyzed. ABA metabolism is associated with the carotenoid metabolism pathway ( Table 3 ; Supplementary Fig. S5B ) that was highly enriched, with P = 3.2E-17. Transcript abundance of two genes in the ABA biosynthetic pathway, one of which was annotated as 9-cisepoxycarotenoid dioxygenase (NCED) and the other as carotenoid cleavage dioxygenase (CCD), decreased in flower buds in Eco. Conversely, the transcripts for three genes encoding ABA 8 0 -hydroxylase (CYP707A), the key enzyme for ABA degradation (Kushiro et al. 2004) , increased in abundance in Eco (Table 4) . These results suggested that the ABA level might decrease towards endodormancy release. Differential expression of gibberellin metabolism-related genes was observed by analyzing the diterpenoid biosynthesis pathway ( Table 3 ; Supplementary Fig. S5C ). Transcripts of genes annotated as GA20 oxidase (GA20ox), a key enzyme for gibberellin biosynthesis, were less abundant in Eco, whereas the genes encoding GA2 oxidase (GA2ox), an enzyme related to gibberellin inactivation, showed up-regulated expression in Eco (Table 4) . Although the cysteine and methionine metabolic pathway ( Supplementary   Fig. S5D ) was not found to be significantly enriched by KEGG analysis (Table 3) , genes involved in ethylene biosynthesis such as S-adenosyl-L-methionine (SAM) synthetase and ACC synthase (ACS) were differentially expressed, i.e. both genes were upregulated in Eco (Table 4) . Moreover, differential expression of genes involved in other phytohormone metabolic pathways was also identified. Two YUCCA genes, which catalyze the ratelimiting step in the auxin biosynthesis pathway (Cheng et al. 2006) , were down-regulated in Eco (Table 4 ; Supplementary  Fig. S5E) . A gene encoding a Cyt P450 85A related to brassinosteroid biosynthesis was up-regulated in Eco (Table 4 ; Supplementary Fig. S5F ). Genes encoding jasmonate biosynthesis enzymes such as linoleate 13S-lipoxygenase were down- regulated, whereas jasmonate-O-methyltransferase, whose product deactivates jasmonate, was up-regulated in Eco (Table 4 ; Supplementary Fig. S5G ). These results suggest that a decrease in jasmonate levels may occur towards endodormancy release; however, the roles of jasmonate and brassinosteroid in endodormancy release are still not well understood.
A total of 128 DEGs were annotated in the plant hormone signal transduction pathways (Supplementary Table S5 ; Supplementary Fig. S5H ), among which ABA, gibberellin, ethylene and brassinosteroid signaling pathways were further analyzed (Fig. 7) . Genes involved in the ABA signaling pathway were differentially expressed. Six genes were annotated as PROTEIN PHOSPHATASE 2C (PP2C) genes, five of which were up-regulated in Eco. The transcript abundance of a gene annotated as serine/threonine-protein kinase SRK2E was lower in Eco (Fig. 7A) . In the gibberellin-responsive pathway, three genes encoding DELLA proteins were found to be downregulated in Eco (Fig. 7B) . In the ethylene-responsive pathway, several genes annotated as ETHYLENE RESPONSE RECEPTOR (ETR) were down-regulated, whereas some ETHYLENE RESPONSE FACTOR (ERF) genes were up-regulated in Eco (Fig. 7C) . These alterations, together with the changes in the expression of ethylene biosynthetic genes, suggested the involvement of ethylene in endodormancy release. In the brassinosteroid pathway, TCH4 genes that are involved in brassinosteroid-induced cell elongation were up-regulated, whereas CYCD3 genes that are associated with cell division were downregulated in Eco (Fig. 7D) .
To extend our results to the entire period of endodormancy, the relative expression levels of several selected genes involved in phytohormone metabolism and signal transduction that were mentioned above were measured during the endodormancy phase transition using real-time RT-PCR (Fig. 8) . Expression of NCED peaked within endodormancy (DVI = 0.5) and then declined towards endodormancy release, whereas the transcript abundance of CYP707A was increased during endodormancy and endodormancy release. Expression of the ACS gene increased towards endodormancy release, whereas ERF2 peaked during endodormancy release and declined afterwards. The expression of the gene encoding GA20ox was down-regulated during the endodormancy release process, but These genes were picked up after KEGG pathway enrichment.
the mRNA abundance of GA2ox continuously increased during the entire tested period. In addition, expression of the YUC7 gene peaked in the endodormancy state with a DVI of about 0.5 and then declined, whereas the mRNA abundance of CYP85A increased towards endodormancy release (DVI >0.5), confirming the results of the transcriptome analysis and suggesting possible roles for these genes in the endodormancy phase transition.
Real-time RT-PCR analysis of FT and DAM
Many reports have shown that FT is a key regulator of endodormancy in poplar (e.g. Bohlenius et al. 2006 ); therefore, we investigated the expression of FT in Japanese pears. Four genes annotated as FT did not show any significant expression in the transcriptome analysis (Table 5 ). In our preliminary study, homologs of at least two FT genes, PpFT1a (AB524587) and PpFT2a (AB571595), were found to be present in Japanese pears (unpublished data), although it may be difficult to distinguish between these two genes by de novo assembly due to their high similarity. Real-time RT-PCR revealed that the expression patterns of both PpFT1a and PpFT2a varied in the two seasons examined in this study and did not show a consistent pattern of expression with the endodormancy phase transition (Fig. 9A) . DAM genes were also proposed to be involved in the endodormacy phase transition in many species, including Supplementary Table S5 . The original KEGG map is shown in Supplementary Fig. S5H . Red indicates a relative increase in expression in Eco, and green represents a relative decrease in expression in Eco.
Japanese pear , Jimenez et al. 2010 , Ubi et al. 2010 . Six unigenes annotated as DAM genes did not show significant changes in their expression in transcriptome analysis ( Table 5) . Based on the sequence information of two previously isolated DAM genes (Ubi et al. 2010 ) and a recently identified third gene in Japanese pear, we carried out real-time RT-PCR analyses of PpMADS13-1 (AB504716), PpMADS13-2 (AB504717) and PpMADS13-3 (AB774474). Although DAM genes were up-regulated with endodormancy establishment and down-regulated with endodormancy release, as reported previously (Ubi et al. 2010 ) (Fig. 9B) , the variation in expression of these genes did not exceed the threshold for consideration as a DEG (>2-fold) in our analysis.
Discussion
Dormancy is a highly programmed strategy for perennial trees to survive the environmental extremes. To monitor the gene expression changes during winter dormancy, Liu et al. (2013) compared the transcriptomes of Chinese pear flower buds at four time points throughout the entire endodormancy and ecodormancy cycle using the RNA-seq strategy. Although we cannot directly compare our results because of the different sampling times (different physiological states), there are some overlapping results between the two studies. For instance, our work identified 31 KEGG pathways that were differentially expressed between Endo and Eco (Table 3) , which included three of five enriched pathways found in the work by Liu and co-workers in their comparison of libraries from samples obtained between December 15 and January 15 (Liu et al. 2013) . In Japan, identifying the factors affecting endodormancy release is the key objective because recent global warming negatively affects bud break since the chilling requirement cannot be met during warmer winters. Therefore, in our work, we focused on comparing endodormancy and endodormancy release stages in two seasons. Transcriptome analyses have been performed to clarify the change of gene expression in the entire cycle of dormancy in pear and other species. As mentioned above, Liu et al. (2013) compared the transcirptomes of Chinese pear between endodormancy and ecodormancy, and identified significant changes in five KEGG pathways, i.e. ribosome, ether lipid metabolism, glycerophospholipid endocytosis, plant-pathogen interaction and metabolic pathways. Horvath et al. (2008) found that the genes mapping 27 GO terms were differentially expression among para-, endo-and ecodormancy. Some of them were also enriched in our GO enrichment analysis, including 'response to jasmonic acid stimulus' and 'response to oxidative stress'. MAPMAN analysis of the same data set revealed the enrichment of BINs of 'regulation, redox', 'hormone metabolism, auxin', consistent with our enriched GO and KEGG pathways of 'oxidoreductase activity' and hormone-related pathways.
Cold response genes during endodormancy release
Endodormancy establishment and release in pear mainly depend on the accumulation of a sufficient length of time at the chilling temperature (Heide and Prestrud 2005) . Extensive chilling endows buds with the capability to grow in the transition from endodormancy to ecodormancy; on the other hand, it keeps the buds from breaking dormancy in ecodormancy. Since low temperature plays a crucial role during winter dormancy, many studies have focused on the cold response genes, especially C-REPEAT BINDING FACTOR (CBF) (Wisniewski et al. 2011 , Liu et al. 2013 . CBF genes, members of the DREB1/CBF family, which is a subfamily of the DREB superfamily, are mainly involved in responses to cold and water deprivation (Lata and Prasad 2011) . Hovarth (2009) also proposed a possible role for CBF in the regulation of DAM genes during endodormancy. However, to our surprise, GO and KEGG analyses did not show the enrichment of stress-responsive genes in our study (Tables 2, 3) . Furthermore, among the eight genes annotated as CBF genes in the transcriptomes, none of them was differentially expressed in the comparison between Endo and Eco (data not shown). On the other hand, since a notable transient accumulation of sorbitol was observed in xylem sap of pear concomitant with the onset of endodormancy release in late December (Ito et al. 2012) , expression of genes involved in sorbitol metabolism was analyzed. Genes encoding sorbitol 6-phosphate dehydrogenase and NAD-dependent sorbitol dehydrogenase, both of which are the key enzymes functioning for sorbitol metabolism, did not show differential expression between Endo and Eco (data not shown), despite the fact that sorbitol also plays a role in cold hardiness in rosaceous fruit trees (Kanayama 2009 , Ito et al. 2012 . A possible explanation for this result is that the average temperature did not change significantly at the two DVI stages in our analysis. The temperature was about 8.0 C for DVI = 0.49-0.53 and 4.0 C for DVI = 1.12-1.16 (Fig. 1) . Although the requirement for low temperature as being essential for endodormancy release is widely accepted, the mechanism of how the chilling signal is perceived and transduced to downstream factors is still under debate. Therefore, several possible pathways were analyzed in this work to probe the physiological mechanism underlying endodormancy phase transition in Japanese pear.
Anti-oxidation-related genes in endodormancy release
Perception of oxidative stress is one of the hypotheses proposed to be the primary mechanism for endodormancy release (Horvath 2010) . This hypothesis essentially is derived from observations that application of chemicals, such as hydrogen cyanamide, and heat shock can also release buds from endodormancy. These treatments, along with cold temperatures, induce oxidative stress responses in buds. Peréz et al. (2008) showed that a transient increase in hydrogen peroxide levels occurred prior to endodormancy release in grape buds, suggesting that hydrogen peroxide could be a signal triggering gene expression related to endodormancy release. The hydrogen peroxide content in Japanese pear flower buds gradually increases with the accumulation of DVI, and its levels after DVI = 1.0 decreased rapidly (Kuroda et al. 2002 , Kuroda et al. 2005 . Moreover, the early occurrence of a peak of hydrogen peroxide concentration in hydrogen cyanamide-treated grape buds through the repression of catalase activity could be a prerequisite for inducing earlier endodormancy release (Peréz and Lira 2005) . Our data showed that the expression of some peroxidase and catalase genes was down-regulated towards endodormancy release. Down-regulation of peroxidase and catalase could increase the hydrogen peroxide content, thus triggering endodormancy release. However, expression of the selected gene encoding catalase continues decreasing after endodormancy release (Fig. 6C) , implying the probability of an increase in the hydrogen peroxide content, which is inconsistent with the observation of the steady decrease in hydrogen peroxide content after endodormancy release in Japanese pear (Kuroda et al. 2002) . Therefore, further studies on the relationship between the catalase activity and hydrogen peroxide content after endodormancy release are needed. In contrast, up-regulation of glutathione peroxidase in Eco might result from the homeostatic regulation of the redox status. These results suggested the involvement of the alteration in hydrogen peroxide content in the endodormancy release process.
Epigenetic regulation in endodormancy release
Although the mechanism through which extended cold temperatures release endodormancy is not well known, the vernalization, which somewhat resembles dormancy, have been well characterized in Arabidopsis, where an epigenetic memory component is involved in vernalization. In Arabidopsis, a MADS box gene, FLOWERING LOCUS C (FLC), is a key floral regulator that acts by suppressing FT expression (Samach et al. 2000) . Extended cold temperatures cause the modification of chromatin structure around the FLC promoter and epigenetically inhibit the transcription of FLC (Sung and Amasino 2004) . Unlike the case of Arabidopsis, Zhang et al. (2009) reported not down-regulation but up-regulation of FLC in a perennial plant, trifoliate orange, during the winter. In our data set, there were several genes that were annotated as FLC-like genes, but the expression of none of these genes was down-regulated towards endodormancy release (data not shown), which was consistent with the results of Zhang et al. (2009) . In contrast, other studies have demonstrated the involvement of chromatin remodeling genes in the dormancy transition. Ruttink et al. (2007) found four different chromatin remodeling genes, such as PICKLE and FERTILIZATION INDEPENDENT ENDOSPERM, that were significantly up-regulated prior to endodormancy induction, but they did not show any changes in expression associated with endodormancy release. Dormancy release in potato progresses accompanied by histone acetylation (Law and Suttle 2004) . Trimethylation of histone H3 at K27 in the promoter, coding region and second large intron of peach DAM6 was preceded by a decrease in acetylated H3 and trimethylated H3K4 in the translation start region, coinciding with repression of DAM6 towards dormancy release (Leida et al. 2012) . A similar phenomenon was also observed in leafy spurge , in which the changes in histone methylation of the DAM gene showed a similar pattern to the FLC gene, suggesting a potentially similar role to FLC in non-Brassica species. Moreover, chromatin remodeling involved in endodormancy release was also suggested through large-scale analyses. For example, in leafy spurge and poplar, a SWI2/SNF2-like gene that is necessary for building a complex to modify chromatin and enhance expression of specific genes (Pazin and Kadonaga 1997) was significantly downregulated towards endodormancy release (Horvath 2009 ). Our data also showed that the transcript abundance of a SWI2/ SNF2-like homolog in Japanese pear (unigene48122) decreased after endodormancy release (Supplementary Table S1 ). Thus, epigenetic mechanisms may play a crucial role in bud dormancy release. Besides chromatin remodeling, de novo DNA methylation was also considered to be involved in endodormancy release. Santamaria et al. (2009) reported that the DNA methylation level is higher during bud rest than in the period during bud break in chestnut (Castanea sativa). Zhang et al. (2012) also reported that DNA methylation of the whole genome increased in an ABA-dependent way during the induction of strawberry dormancy. Our data showed the down-regulation of cytosine-5 DNA methyltransferase genes (Fig. 6B) . Cytosine-5 DNA methyltransferases accomplish two functions: they recognize specific DNA sequences and catalyze the transfer of a methyl group from the cofactor SAM to carbon 5 in the pyrimidine ring of cytosine residues (Pavlopoulou and Kossida 2007) . The differential expression of these genes suggested that epigenetic regulation occurs during endodormancy release. These results supported the hypothesis that DNA methylation-triggered transcriptional gene silencing may contribute to growth arrest during endodormancy. Accordingly, it is likely that DAM could be targeted as a candidate for epigenetic regulation in non-Brassica species. Indeed, Ubi et al. (2010) reported DNA methylation in the genomic region corresponding to the DAM genes (PpMADS13-1 and PpMADS13-2) in Japanese pear leaf buds during endodormancy, but the changes in DNA methylation did not match the changes in endodormancy status. Our recent data also showed that an alteration in the methylation pattern of the 5 0 upstream region of PpMADS13-1 did not contribute to the different expression patterns of this gene during endodormancy (unpublished data). Since histone methylation is usually accompanied by DNA methylation for transcriptional gene silencing (for a review, see Saze et al. 2012) , there are some discrepancies between the alterations in chromatin status of peach DAM6 (Leida et al. 2012 ) and the DNA methylation pattern in pear DAM (Ubi et al. 2010) . Therefore, further studies are necessary to clarify this point.
ABA and gibberellin in endodormancy release
ABA has been proposed to promote and maintain bud dormancy in woody plants, although few consistent molecular data support this prediction (Arora et al. 2003 , Horvath et al. 2003 , Rohde et al. 2007 . Ectopic expression of the Arabidopsis abscisic acid insensitive 1 (abi1) gene in poplar modified the dormancy response of lateral buds to exogenous ABA, in which ABA applications cannot inhibit the outgrowth of buds in abi1 poplar (Arend et al. 2009 ). The ABA content steadily decreased from endodormancy to ecodormancy in leafy spurge (Horvath et al. 2008 ) and pear buds (Tamura et al. 1992) . In agreement with these findings, our study showed decreased transcript abundance of ABA biosynthesis genes and increased abundance of ABA catalysis gene transcripts towards endodormancy release ( Table 4) . The first committed step in ABA synthesis is catalyzed by NCED (Tan et al. 1997 , Iuchi et al. 2001 . A lower level of NCED transcripts was observed after endodormancy release, whereas the expression level of CYP707A, which converts ABA to 8 0 -hydroxy ABA, increased (Table 4) . It has been reported that suppression of the CYP707A-mediated ABA catabolic pathway kept seed from germination in rice (Zhu et al. 2009 ), indicating its involvement in seed dormancy. Indeed, we have observed the decrease of ABA content in the buds of Japanese pear during endodormancy release ( Supplementary  Fig. S6 ). In addition, exogenous ABA application reversibly inhibited sprouting (maintenance of dormancy status) of Taiwanese pear (Pyrus pyrifolia 'Hengshanli') leaf buds in the ecodormancy stage (Professor F. Tamura, personal communication) . On the other hand, the up-regulation of critical enzymes for ABA biosynthesis just prior to endodormancy establishment was observed in a short-day-induced endodormancy in poplar , which is consistent with the transient peak in ABA content at 4 weeks of short-day treatment (Rohde et al. 2002) . Taken together, these results suggest that a relatively high ABA level is necessary to initiate and maintain endodormancy, and a low ABA level corresponds to endodormancy release.
Ethylene in endodormancy release
Several studies have reported that a transient increase in ethylene precedes the initiation of endodormancy (Suttle 1998 . In Japanese pear 'Nijisseiki', an increase in ethylene towards endodormancy release was reported (Tamura et al. 1992 ). An investigation of ABA accumulation in Citrus suggested that ethylene directly induced the key ABA biosynthetic gene NCED (Rodrigo et al. 2006) . Microarray analysis of leafy spurge also showed that at least 10 genes associated with ethylene production or responsive genes were highly induced during paradormancy, but were repressed during endodormancy and ecodormancy (Horvath et al. 2008) . In contrast, hydrogen cyanamide treatment induced ACC oxidase expression in grapes (Ophir et al. 2009 ). Our data also showed an increase in the transcript levels of the ACS gene during endodormancy release (Table 4) , a result similar to that found in grapes. The gradual increase in ACS transcript abundance during endodormancy and endodormancy release was then confirmed by real-time RT-PCR (Fig. 8) , suggesting the involvement of ethylene in endodormancy release. The annotated ACS was classified as a member of the ACS3 family, whose function has been extensively studied in apple; the expression of ACS3 is preceded by ACS1, a key gene for climacteric respiration, that produces a small amount of ethylene (Wang et al. 2009 ) as a trigger for fruit ripening. In contrast, genes in the ethylene signal transduction pathway also showed synchronized expression patterns, with lower levels of ETR transcripts and higher levels of ERF transcripts towards endodormancy release (Figs. 7, 8) .
Whether increasing the expression of ACS3 can also induce a burst of ethylene in flower buds during endodormancy like that which occurred during apple fruit ripening needs to be tested along with a more in-depth analysis of the ethylene signal transduction genes.
FT and DAM in endodormancy release
Transgenic studies have shown the involvement of FT (Bohlenius et al. 2006) and CENTRORADIALIS (CEN)/ TERMINAL FLOWER 1 (TFL1) subfamilies in seasonal growth cycles of poplar shoots (Mohamed et al. 2010) . Interestingly, DAM was assumed to regulate FT expression in leafy spurge during the establishment of endodormancy (Horvath et al. 2008 ; however, ectopic expression of Prunus mume DAM6 (PmDAM6) in poplar did not significantly affect CONSTANS2 expression in leaves or CEN LIKE1 expression in shoot apices, and FT transcript levels also varied in PmDAM6-overexpressing poplar transgenic plants . Furthermore, expression of PmDAM6 and PmFT in P. mume did not show inverse patterns . All these findings suggested that DAM in rosaceous plants did not regulate FT expression in a manner similar to that observed in leafy spurge (Horvath et al. 2008) . However, considering the process of endodormancy release, Horvath et al. (2008) supposed that the DAM gene and FT-like probably do not play any role in the shift from endodormancy to ecodormancy. The data presented here also showed no correlation in the expression patterns of PpDAM genes and PpFT1a/PpFT2a (Fig. 9) in Japanese pear, demonstrating the different roles of FT in the endodormancy phase transition between poplar and rosaceous fruit trees including Pyrus and Prunus. Of course, it cannot be simply concluded that FT is not related to the dormancy transition in Japanese pears. It is likely that the accumulation of callose in shoot apical meristems during endodormancy and callose degradation upon endodormancy release in poplar in a gibberellindependent manner (Rinne et al. 2011 ) may allow the transmission of high molecular weight molecules, probably including FT protein, to the shoot apical meristem. Our work also showed that the lignin-related genes were down-regulated after endodormancy release, which might facilitate transmission of molecules through cell walls. Therefore, the possibility that enhancement of FT protein movement, but not enhanced transcription of the FT gene, during endodormancy release cannot be ruled out.
On the other hand, DAM genes were up-regulated with endodormancy establishment and down-regulated concomitant with endodormancy release (Fig. 9) , albeit not as significantly as DEGs (<2-fold) in this analysis. Nevertheless, recent studies have also shown the coincidence of DAM expression with seasonal dormancy phase transitions in other plants, including peach (Bielenberg et al. 2008) , raspberry (Mazzitelli et al. 2007 ), Japanese apricot (Yamane et al. 2008 ) and leafy spurge ), all of which could indicate a common function for DAM in perennial endodormancy phase transition.
Endodormancy release is a well-programmed process that is controlled by an internal regulator. Low temperature could be one of the most important factors for triggering endodormancy release in Japanese pear. To date, however, how low temperature affects the internal regulators is unknown. Next-generation sequencing enabled us to characterize the transcriptomes of Japanese pear flower buds at two different stages of endodormancy, Endo and Eco. By comparing the transcriptomes between these two stages, the possible involvement of several pathways in this process became apparent. Our study turned the spotlight on some pathways including antioxidant response, epigenetic regulation and phytohormone-related pathways. Our results were mostly consistent with previous observations in poplar, leafy spurge and other deciduous trees, although further confirmation is necessary for some pathway such as that for gibberellin. In contrast, coordinated regulation of FT and DAM during the transition from endodormancy to ecodormancy was not observed in our work, indicating a possible difference in the regulation of FT in Japanese pear during the endodormancy phase transition. 
Materials and Methods

Plant materials
RNA extraction
Total RNA was extracted according to the methods described in Gasic et al. (2004) with some modifications. In brief, the ground flower buds were treated with RNA extraction buffer, and then extracted twice with chloroform-isoamyl alcohol (24 : 1). RNA was then precipitated with isopropanol and washed with 70% ethanol. After resuspension with diethyl pyrocarbonate (DEPC)-treated water, the RNA solution was then extracted once with chloroform-isoamyl alcohol (24 : 1) and precipitated with 2.5 vols. of 99% ethanol. Genomic DNA was eliminated from the total RNA preparation with a TURBO DNA-free Kit (Ambion Inc.). The quality of total RNA was evaluated with an Agilent 2100 Bioanalyzer (Agilent Technologies). Only the samples with a RIN (RNA integrity number) >7.5 were used for deep sequencing. The cDNAs used for real-time RT-PCR were synthesized from 500 ng of total RNA with a SuperScript VILO cDNA Synthesis Kit (Invitrogen) following the instructions of the manufacturer.
Library construction and deep sequencing
Beads with oligo(dT) were used to isolate poly(A) mRNA from total RNA. Fragmentation buffer was added to cut mRNA into short fragments. Taking these short fragments as templates, random hexamer primers were used to synthesize the first-strand cDNAs. The second-strand cDNAs were synthesized with DNA polymerase I (TAKARA). Short fragments were purified with a QiaQuick PCR extraction kit (Qiagen) and dissolved with EB buffer supplied in the kit for end preparation and poly(A) addition. After that, the short fragments were connected with sequencing adaptors. After agarose gel electrophoresis, suitable fragments were selected to be templates for PCR amplification, and the library was sequenced using an Illumina HiSeq TM 2000 by BGI.
Bioinformatics analysis
Raw reads obtained by the HiSeq 2000 were filtered to exclude low complexity reads and the reads containing adaptor sequences. The resulting clean reads were assembled with Trinity (Grabherr et al. 2011) , and the TGICL (Pertea et al. 2003) were used to optimize the Trinity original assembly result by removing the sequences that could not be extended on either end. Such sequences were defined as unigenes. Unigenes were firstly aligned by BLASTx (Altschul et al. 1990 ) (E-value <1e-7) to the NCBI non-redundant protein database. The assembled unigenes were also annotated using Blast2GO (Conesa et al. 2005) with GO (Ashburner et al. 2000) and KEGG (Kanehisa et al. 2008 ). After obtaining a GO annotation for every unigene, the WEGO online tool (Ye et al. 2006 ) was used to classify GO functions for all unigenes and to understand the distribution of gene functions of the species from the macro level. The calculation of unigene expression used the RPKM method (reads per kb per million reads) (Mortazavi et al. 2008 ). The DEG analysis was performed using the method described by Audic and Claverie (1997) . The FDR (Benjamini and Yekutieli 2001) was used to determine the P-value thresholds in multiple testing. DEGs were then subjected to GO functional enrichment analysis and KEGG pathway analysis. GO terms or KEGG pathways fulfilling the condition with a Bonferroni correction-corrected P-value 0.05 are defined as significantly enriched GO terms/ KEGG pathways in DEGs.
Real-time RT-PCR
The real-time RT-PCR was performed with the Applied Biosystems 7500 real-time PCR system in which cDNA corresponding to 10 ng of total RNA was used in 20 ml reactions with SYBR Premix Taq II (TAKARA) according to the manufacturer's instructions. Relative expression was determined with the 2 ÀÁÁT algorithm by normalizing to the beta-tubulin gene (unigene105988) which did not show differential expression in this work. The primers used for real-time RT-PCR are listed in Supplementary Table S6 .
Database construction
A website-based database (PypEndo) containing 76,995 unigene sequences with the annotation data as above described was constructed. The database is available to the scientific community and general public via Japan's Agriculture, Forestry and Fisheries Research Information Center of Ministry of Agriculture, Forestry and Fisheries (http://cse. naro.affrc.go.jp/hfujii/pypendo/pypendo.htm).
Supplementary data
Supplementary data are available at PCP online.
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